Background-Previous studies have suggested that systematic ablation of ganglionated plexi (GP) could increase the shortterm success rate of radiofrequency ablation for atrial fibrillation, but the long-term efficacy of this approach is not fully established. Methods and Results-Twenty-four mongrel dogs were divided into 3 groups: epicardial GP ablation group 1 (n=8), epicardial GP ablation group 2 (n=8), and a sham operation group (n=8). In the 2 epicardial GP ablation groups, the 4 major GP and the ligament of Marshall were systematically ablated. The effective refractory period and inducibility of tachyarrhythmias were measured before and immediately after GP ablation in epicardial GP ablation group 1 and 8 weeks later in the other 2 groups. Tyrosine hydroxylase and choline acetyltransferase expressions were also determined immunohistochemically 8 weeks later in the latter groups. Compared with epicardial GP ablation group 1 and the sham operation group, epicardial GP ablation group 2 had the shortest atrial and ventricular effective refractory period and the highest inducibility of atrial tachyarrhythmias. The inducibility of ventricular tachyarrhythmias among the 3 groups was comparable. The density of tyrosine hydroxylase-and choline acetyltransferase-positive nerves in the atrium was the highest in epicardial GP group 2, whereas there were no significant intergroup differences in the densities of these 2 types of nerves in the ventricle. Conclusions-After 8 weeks of healing, epicardial GP ablation without additional atrial ablation was potentially proarrhythmic, which may be attributable to decreased atrial effective refractory period and hyper-reinnervation involving both sympathetic and parasympathetic nerves. (Circ Arrhythm Electrophysiol. 2014;7:711-717.)
A trial fibrillation (AF) is the most common sustained arrhythmia, and the autonomic nervous system plays an important role in its initiation and maintenance. [1] [2] [3] Previous studies have shown that the cardiac autonomic nervous system forms an interconnected neural network composed of multiple ganglionated plexi (GP) and the ligament of Marshall (LOM); this network modulates and controls the release of neurotransmitters within the myocardium. 3 There are 4 major GP within epicardial fat pads: (1) the anterior right GP, situated in the fat pad near the base of the right pulmonary veins and adjacent to the caudal end of the sinoatrial node; (2) the inferior right GP, located in the fat pad close to the junction of the inferior vena cava and both atria; (3) the superior left GP, situated in the fat pad between the left superior pulmonary vein-atrial junction and left pulmonary artery; and (4) the inferior left GP, located in the fat pad at the left inferior pulmonary vein-atrial junction. 2 Multiple investigations have found that systematic epicardial GP ablation could increase the acute success rate of radiofrequency ablation for AF in patients or canine models, [1] [2] [3] [4] [5] [6] whereas partial denervation showed controversial results in long-term follow-up. [7] [8] [9] [10] Therefore, whether systematic epicardial GP ablation could enhance AF ablation in the long term has not been fully clarified.
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In addition, previous investigations have shown that augmented sympathetic tone may increase the vulnerability of ventricular tachyarrhythmias, whereas increased vagal activity has a protective effect on ventricular tachyarrhythmias. 11 However, whether atrial denervation can affect ventricular innervation and predispose the heart to ventricular tachyarrhythmias has not been determined.
Therefore, the purposes of the present study were to (1) investigate the long-term electrophysiological outcomes of systematic epicardial GP ablation in the atrium and ventricle in dogs and (2) evaluate the properties of neural remodeling in the atrium and ventricle after systematic epicardial GP ablation.
GP Ablation
In the 2 epicardial GP ablation groups, the LOM and the fat pads that contain the superior left GP and inferior left GP were exposed by left thoracotomy. After the superior left GP, inferior left GP, and LOM were ablated, the fat pads that contain the anterior right GP and inferior right GP were exposed by lifting up the pericardium, and the anterior right GP and inferior right GP were ablated sequentially through the left incision. The GP was localized by applying high-frequency stimulation (HFS; 20 Hz; square wave pulse; 0.1 ms duration; 2-5 V) with a variable output stimulator (Jinjiang Electronic Technology Co, Sichuan, China); each HFS was delivered for 5 seconds to avoid provoking sympathetic responses that could attenuate parasympathetic responses. In this voltage range, progressive slowing of the sinus rate or AV conduction was observed and was directly related to the voltage applied. 1 Radiofrequency energy was delivered (30 W for 30 seconds per application) through an irrigated-tip ablation catheter (Biosense Webster Inc, Diamond Bar, CA) on the surface of the GP; this was done under direct vision to ensure optimal tissue contact and energy delivery. 7 The end point of GP ablation was considered to have been reached when applying HFS failed to slow the sinus rate or inhibit AV conduction. 1, 9 After each GP was ablated, there was a 20-minute break before HFS to avoid depleting neurotransmitters by reiterative nerve stimulation. The LOM was ablated along its entire length with a high-frequency electrotome (30 Hz; Shanghai Hutong Electronic Co. Ltd., Shanghai, China). The end point of ablation was complete elimination of the LOM spikes, which was recorded with a decapolar catheter (Biosense Webster) positioned along the LOM, with the underlying atrial tissue left intact. 12 Dogs in the sham operation group underwent a left thoracotomy and pericardiotomy without GP or LOM ablation. Penicillin (10 million IU per day) was administered intravenously for 3 days after surgery.
Electrophysiological Study
Before and immediately after ablation, an electrophysiological study was performed on the dogs in epicardial GP ablation group 1 with 4 quadripolar catheters (Biosense Webster). These catheters were inserted into the right atrium, coronary sinus, His bundle, and right ventricle through the bilateral femoral or jugular veins, or placed in the left ventricle through the femoral artery. The ECG and intracardiac tracings were amplified and recorded on a computer-based Prucka ComboLab System (General Electric Company, Fairfield City, CT).
The effective refractory period (ERP) was determined by programmed stimulation at the high right atrium, low right atrium, coronary sinus proximal, coronary sinus distal, right ventricular apex, right ventricular outflow tract, and left ventricular free wall, respectively. The ERP was defined as the longest S 1 -S 2 interval that failed to produce a propagated response. The drive train comprised 8 stimuli (S 1 -S 1 interval range of 230-330 ms according to the R-R interval during sinus rhythm) at twice the diastolic threshold (raging from 20 to 60 V), followed by 1 premature extrastimulus (S 2 ). The S 1 -S 2 interval was decreased from 230 ms to refractoriness by decrements of 10 ms. As the S 1 -S 2 interval approached the ERP, decrements were reduced to 2 ms. 1 Atrial tachyarrhythmias (including atrial tachycardia and AF) and ventricular tachyarrhythmias (including ventricular tachycardia and ventricular fibrillation) were induced by burst pacing or S 1 S 2 S 3 stimulation at all aforementioned sites. During burst pacing, the S 1 -S 1 interval was decreased from 230 ms to refractoriness by decrements of 10 ms. During S 1 S 2 S 3 stimulation, the S 1 -S 1 and S 1 -S 2 intervals were set at 230 and 180 ms, respectively, and the S 2 -S 3 interval was decreased from 180 ms to refractoriness by decrements of 10 ms. If the induced tachyarrhythmias lasted >10 minutes, low-power (15-J) epicardial cardioversion was performed to minimize the effect of acute myocardium electric remodeling induced by sustained tachycardia. Induction of AF was defined as a rapid (>400 per minute) irregular atrial rhythm lasting for >60 seconds. The tachyarrhythmias' inducibility was quantified as the number of stimulation or pacing applications that induced tachyarrhythmias, divided by the total number of stimulation or pacing applications. 12 Intracardiac bipolar electrograms were filtered at 30 to 500 Hz. The same procedure was performed in epicardial GP ablation group 2 and the sham operation group 8 weeks postoperatively.
Immunohistochemical Study
After the electrophysiological study, dogs in epicardial GP ablation group 2 and the sham operation group were euthanized immediately and the hearts were obtained for immunohistochemical study. Tissues were obtained from the left atrial free wall, right atrial free wall, high right atrium, right ventricular free wall, right ventricular outflow tract, left ventricular free wall, and interventricular septum in both groups. These tissues were fixed in neutral buffered formalin for 24 hours and processed into paraffin blocks. The obtained tissues were sectioned at a thickness of 6 μm and stained with tyrosine hydroxylase (TH) and choline acetyltransferase (ChAT) to show sympathetic and parasympathetic nerves, respectively. 9 The tissues were stained in the same session. Nerve densities were determined by a computer-assisted image analysis system (Image-Pro Plus 3.0; Media Cybernetics, L.P., Silver Spring, MD). Each slide was examined under a microscope to select 3 fields with the highest density of nerves. The computer then calculated the area occupied by the nerves in the field. The nerve density was the area occupied by the nerves divided by the total area examined (μm 2 / mm 2 ). The mean density of nerves in these 3 selected fields was used to represent the nerve density of that section. 9 The immunohistochemical study was done by a pathologist who had no knowledge of our study.
Statistical Analysis
Continuous variables are expressed as medians with first and third quartiles and categorical values are expressed as frequency (%). Measures before and after ablation in the same dogs of epicardial GP ablation group 1 were compared by the Wilcoxon signed-rank test. Any comparisons involving the 3 groups were performed by the Kruskal-Wallis test that simultaneously compares all 3 groups, if the global test comparing the 3 groups is statistically significant, pairwise comparisons were performed using Kruskal-Wallis test with Bonferroni post hoc correction. Categorical variables were analyzed by Fisher exact test. Comparisons that involve multiple locations in each dog were performed by the linear regression analysis for continuous variables or by the logistic regression analysis for categorical variables using generalized estimating equations methods. All analyses were performed with SPSS version 17.0 software (SPSS, Inc, Chicago, IL). A P value <0.050 was considered statistically significant, and a P value <0.017 was considered statistically significant when Bonferroni post hoc correction was used.
Results

Electrophysiological Study
The end point of GP ablation was achieved in all dogs in the 2 epicardial GP ablation groups after 12 (9; 15) applications of radiofrequency ablation on each GP (Figure 1 ). The amplitude of atrial electrograms before and after ablation was comparable (10.3 mV [9.2; 12.1] versus 9.9 mv [8.7; 11.6]; P=0.353), indicating that the collateral tissue damage caused by GP ablation was minimal. In epicardial GP ablation group 1, the ERP of the atrium was significantly prolonged after ablation (Table 1) , whereas the atrial tachyarrhythmias' inducibility was significantly lower than its preablation level (5.5% versus 15.9%; P=0.019). The ERP of the ventricles was comparable before and after atrial GP ablation (Table 1) . No ventricular tachyarrhythmias were induced in this group. Eight weeks after ablation or sham operation, the baseline heart rate in epicardial GP ablation group 2 was higher than that in the sham operation group (166 beats per minute [152; 181] versus 127 beats per minute [109; 135]; P=0.022). The ERP of the high right atrium, low right atrium, coronary sinus proximal, coronary sinus distal, right ventricular apex, right ventricular outflow tract, and left ventricular free wall in epicardial GP ablation group 2 was the shortest among the 3 groups ( Figure 2 ). In epicardial GP ablation group 2, the ERP of the left atrium was shorter than that of the right atrium (70.0 ms [58.0; 81.0] versus 98.5 ms [88.0; 107.0]; P=0.012), whereas the ERP was comparable within the left and right atria. In the sham operation group, the ERPs of the left and right atria were comparable. The ERPs of the left and right ventricles were also comparable in both groups. AF that lasted >10 minutes was induced in 8 dogs in epicardial GP ablation group 2 (Figure 3 ), whereas just 1 episode of AF that lasted for 200 seconds was induced in 1 dog in the sham operation group. The inducibility of atrial tachyarrhythmias in epicardial GP ablation group 2 was significantly higher than that in the sham operation group (74.9% versus 12.4%; P<0.001). In epicardial GP ablation group 2, the inducibility of atrial tachyarrhythmias in the left atrium (coronary sinus proximal, 94.7%; coronary sinus distal, 90.2%) was higher than that in the right atrium (high right atrium, 53.9%; low right atrium, 61.2%; P<0.001), whereas the inducibility of atrial tachyarrhythmias was comparable within the left or right atrium. In the sham operation group, the inducibility of atrial tachyarrhythmias in the left and right atria was comparable. One dog in epicardial GP ablation group 2 underwent induction of ventricular fibrillation that was refractory to cardioversion. No other dogs in either group underwent induction of ventricular tachyarrhythmias. Notably, the atrial ERP was significantly shorter, and the atrial tachyarrhythmias' inducibility was significantly higher (74.9% versus 5.5%; P<0.001) in epicardial GP ablation group 2 than in epicardial GP ablation group 1 (Figure 2 ).
Autonomic Nerve Density
All TH-and ChAT-immunostained structures had morphologies typical of nerve fibers and were located between myocytes and around blood vessels. The density of TH-and ChAT-positive nerves in the atrium was much higher in epicardial GP ablation group 2 than in the sham operation group, whereas in the ventricle there was no significant difference between the 2 groups in the densities of the 2 types of nerves ( Table 2 ). In epicardial GP ablation group 2, the densities of TH-and ChAT-positive nerves in the left and right atria, as well as those in the left and right ventricles, were comparable. 
Discussion
Major Findings
To the best of our knowledge, this is the first study to investigate the long-term outcomes of systemic ablation of all 4 epicardial GP and the LOM in both the atrium and the ventricle. This study had 3 major findings. First, systematic epicardial GP ablation not only significantly decreased the ERP of the atrial and ventricular myocardium but also increased the inducibility of atrial tachyarrhythmias at 8-week follow-up. Second, the density of TH-and ChAT-positive nerves in the atrium increased 8 weeks after systematic epicardial GP ablation. Third, systematic epicardial GP ablation did not affect the inducibility of ventricular tachyarrhythmias or the nerve densities in the ventricle.
Systematic GP Ablation and AF
Recently, numerous studies have been performed to test whether GP ablation can improve the success rate of AF ablation, 1-8 but the results are controversial. Our study found that 8 weeks after GP ablation or sham operation, epicardial GP ablation group 2 had the shortest atrial and ventricular ERP and the highest inducibility of atrial tachyarrhythmias compared with epicardial GP ablation group 1 and the sham operation group. These findings have several possible explanations.
(1) In this study, we did not isolate pulmonary veins, which may explain the difference between our findings and those of clinical studies in which GP ablation seemed to have a better outcome. (2) The atrial denervation was incomplete. Although we completely ablated all 4 visible major GP and the LOM, it is known that there is an average of 619 GP distributed throughout the canine heart. 10 A previous study showed that although a majority of nerve bundles are located within the epicardial fat pad, up to one third of the nerve bundles of the atrium are located in the adjoining/underlying myocardium, away from the fatty tissue. 13 Furthermore, there are efferent nerve fibers that bypass the different GP in dogs. 3, 14 Therefore, total denervation of the canine heart is hardly achievable with the techniques currently available. (3) The atrial natriuretic peptide level of the atrium was increased. A previous study found that 8 weeks after GP ablation, the levels of atrial natriuretic peptide increased significantly, 9 which may decrease the atrial conduction time and ERP by decreasing the transient outward K + current in atrial cells and increasing the vagal tone, thereby providing a potential electrophysiological substrate for arrhythmias. 15 (4) The end-organ sensitivity was increased. It has been found that an increased density of muscarinic receptors and β-receptors, owing to the decreased level of neural transmitters, promoted AF in a canine denervation model and in a heart failure model. 7, 16 (5) Hyper-reinnervation of the neural network occurred. Through immunohistochemical study, the present study found atrial parasympathetic and sympathetic hyper-reinnervation 8 weeks after GP ablation. The atrial hyper-reinnervation after GP ablation could be explained by the following mechanisms: First, because we could not achieve complete denervation by ablating the principal GP and the LOM, there are still cardiac neural elements spread over the atrium, and they can reinnervate the atrium by axonal regeneration. Second, applying radiofrequency energy to GP may destroy bypassing neural axons, which may regenerate after the damage. 7 Third, radiofrequency energy increases the expression of nerve growth factor by long-term synaptic potentiation and kindling stimulations. 17, 18 Either nerve injury or radiofrequency energy stimulation can result in increased local nerve growth factor production. 19 These nerve growth factors can be transported to remaining GP or stellate ganglia through axonal retrograde transport. 20 Increased nerve-sprouting activity within the remaining GP and stellate ganglion can cause extensive cardiac nerve sprouting. 21 Fourth, it is possible that intensive and repetitive HFS of the GP may have induced the observed hyper-innervation, even at distant sites. Thus, one possible explanation of the results of our study is that because GP ablation leads to atrial hyper-reinnervation involving both sympathetic and parasympathetic nerves by the mechanisms mentioned above, the increased parasympathetic neurotransmitters could further decrease atrial ERP. Meanwhile, the increased sympathetic neurotransmitters could further increase the incidence of early afterdepolarizations. Theoretically, both the atrial ERP shortening and early afterdepolarization of the atrial myocytes could increase the heart's vulnerability to atrial tachyarrhythmias.
Effect of GP Ablation on the Ventricle
Our study found that the inducibility of ventricular tachyarrhythmias among the 3 groups was comparable and there were no significant intergroup differences in the densities of THand ChAT-positive nerves within the ventricle. These results show that this denervation procedure did not affect ventricular innervation and should not decrease the potential protective effects of vagal tone on the ventricle. However, our study found that the ERP of the ventricular myocardium in epicardial GP ablation group 2 was significantly shorter than that in the sham operation group. The ERP shortening might be the mechanism responsible for the ventricular fibrillation induced in 1 dog in epicardial GP ablation group 2. Although the ventricular ERP shortening has few clinical implications in the structurally normal heart, it may be proarrhythmic in hearts with structural disease, such as myocardial infarction or heart failure.
Limitations
There are several limitations to our study. First, although epicardial HFS-guided GP ablation enables the operator to judge whether a given GP has been destroyed while minimizing collateral atrial injury, this approach may not destroy as many GP as anatomy-based GP ablation, as indicated in a recent work by Pokushalov et al. 5 Second, we did not measure nerve growth factor mRNA or protein in addition to atrial natriuretic peptide, so we did not elucidate the relationship between these biological molecules and neural remodeling. Third, the follow-up period in this study was only 8 weeks. We could not determine whether the regenerated nerves can be preserved over a longer period because we did not determine whether these nerves formed functional synapses with the myocardium, which is necessary for regenerated nerves to exist. Fourth, atrial innervation is similar between human beings and dogs in terms of location; in particular, both species have 4 major atrial GP. However, human beings have a larger number of total GP than dogs have. Therefore, caution should be used in extrapolating our findings to clinical situations.
Conclusions
After 8 weeks of healing, epicardial GP ablation without additional atrial ablation is potentially proarrhythmic, which may be attributable to decreased atrial ERP and atrial hyperreinnervation involving both sympathetic and parasympathetic nerves. At the ventricular level, this procedure decreased the ventricular ERP but had no effect on the inducibility of ventricular tachyarrhythmias or on ventricular innervation. 
